Photoacoustic computed tomography (PACT), also known as optoacoustic tomography or thermoacoustic tomography, is an emerging biomedical imaging technique that combines optical absorption contrast with ultrasound detection principles. Recently, a novel analytic image reconstruction formula has been proposed that operates on a data function expressed in the temporal frequency and spatial domains. The validity the formula has been demonstrated for a two-dimensional (2D) circular measurement geometry. In this study, computer simulation studies are conducted to validate the reconstruction formula for a three-dimensional (3D) spherical measurement geometry. This formula provides new insights into how the spatial frequency components of the sought-after object function can be explicitly determined by the temporal frequency components of the data function measured with a 2D circular or 3D spherical measurement geometry in PACT. Comparing with existing Fourier transform-based reconstruction formulas, the reconstruction formula possesses a simple structure that requires no computation of series expansions or multi-dimensional interpolation in Fourier space.
INTRODUCTION
Photoacoustic computed tomography (PACT), also known as optoacoustic tomography or thermoacoustic tomography is an emerging imaging modality that has great potential for a wide range of biomedical imaging applications. [1] [2] [3] In PACT, biological tissues of interest (i.e., object) are illuminated by use of short laser pulses. When the optical energy is absorbed by the object, thermoacoustic effect will result the generation of acoustic wavefields that propagate in all directions. 4 The acoustic wavefields embed the information of the absorbed optical energy distribution and can be measured by use of ultrasonic transducers that are located outside the object. From the measured data, image reconstruction algorithms are utilized to induce the spatial distribution of the absorbed optical energy inside the object. While iterative image reconstruction methods hold great value due to their ability to incorporate accurate models of the imaging physics and the instrument response, 5-14 analytic image reconstruction algorithms are still commonly employed in practice. One important reason is because analytic image reconstruction algorithms are computationally more efficient.
Assuming full knowledge of the acoustic pressure function on a spherical measurement surface that encloses the object of interest, three types of analytic image reconstruction algorithms have been proposed: the filtered backprojection (FBP) formulas, [15] [16] [17] [18] algorithms based on the time reversal principle 19, 20 and Fourier transformbased reconstruction formulas. 21, 22 Existing Fourier transform-based image reconstruction formulas all involve special functions that can be approximated by use of series expansions. In addition, numerical implementations of these formulas require multidimensional interpolation in Fourier space, which requires special care to avoid degradation in reconstructed image accuracy. Recently, we have derived a simple Fourier transform-based image reconstruction formula that avoids series expansions and multi-dimensional interpolations for either 2D circular or 3D spherical geometry. 23 The equation explicitly reveals the correspondence between the temporal frequency components of the pressure function and the spatial frequency components of the object function, as predicted by the Fourier shell identity. 24 The validity of the formula has been demonstrated by an example with a 2D circular measurement geometry. In this study, we further validate the formula for a 3D spherical measurement geometry.
The remainder of the article is organized as follows: In Section 2, we briefly review the reconstruction formula. Computer simulation studies and results are described in Section 3 and 4 respectively. We conclude with a brief summary in Section 5.
REVIEW OF THE RECONSTRUCTION FORMULA
We consider the canonical PACT imaging model in which the object and surrounding medium are assumed to possess homogeneous and lossless acoustic properties and the object is illuminated by a laser pulse with negligible temporal width. Point-like, unfocused, ultrasonic transducers are assumed. We also assume that the effects of the acousto-electric impulse responses of the transducers have been deconvolved 9, 14 from the measured voltage signals so that the measured data can be interpreted as pressure signals. Under these assumptions, the imaging model can be expressed in its continuous-to-continuous form as:
where A(r) is the object function that is contained in the volume V and p(r s , t) is the data function that is assumed to be exactly known on a measurement surface S. Physically, A(r) represents the internal absorbed optical energy density distribution. Here, the constant quantities β, c 0 , and C p denote the thermal coefficient of volume expansion, speed-of-sound, and the specific heat capacity of the medium at constant pressure, respectively. The goal of PACT is to estimate the object function A(r) from the data function p(r s , t), where r s ∈ S and t ≥ 0. Assuming S to be a spherical surface that encloses the object, our exact reconstruction formula can be expressed as:
whereÂ(k) denotes the 3D Fourier transform of the object function A(r), k = |k|, F
−1 3
denotes the 3D inverse Fourier transform with respect to the spatial frequency coordinate k, and F 1 is the one-dimensional (1D) Fourier transform with respect to the time coordinate t. Here ω is the temporal frequency coordinate and 'Re' denotes the operation that takes the real part of quantity in the brackets. Equation (2) is also valid in 2D with a circular measurement geometry where r s , k ∈ R 2 and S is a circle that encloses the object. 
DESCRIPTIONS OF NUMERICAL STUDIES
A schematic of the measurement geometry is shown in Fig. 1 . The measurement surface was a sphere of radius 16 mm centered at the origin of a global coordinate system. The measurement sphere was divided by 128 circles of latitude and 256 semicircular arcs of longitude with equal interval of π/128 in both polar and azimuth angles. The intersections of the circles and arcs define the locations of ideal point-like transducers operated at 20 MHz. At each detecting location, we analytically calculated 512 time samples, resulting in a data set of 128 × 256 × 512 samples. The data set is referred to as "noiseless data". We also created "noisy data" by adding Gaussian white noise into the noiseless data. The standard deviation of the Gaussian white noise was set to be 20% of the maximal value of the noiseless data.
The object was composed of a collection of uniform spheres with smooth edges. The smooth edges were induced by a convolution of the piecewise-constant structures with a 3D Gaussian kernel with full width at half maximum (FWHM) at 0.154 mm. The object was contained in a cuboid of size 17.92 × 17.92 × 17.92 mm −1 mm −1 , which was twice of the Nyquist sampling rate. We set the dimension of the Cartesian grid to be 512 3 to achieve the maximal spatial frequency k max = 1/(2Δ s ) mm −1 . Each frequency component ofÂ(k) was calculated by use of Eqn. (2) . Once the values ofÂ(k) was determined on the Cartesian grid, a 3D inverse FFT was applied to obtain a digital image with spacing 0.14 mm. The resulting 3D digital images were then truncated into size of 128 3 , denoted byÂ(r), for comparison.
NUMERICAL RESULTS
The 2D slices of the image reconstructed from the noiseless data are shown in Figs confirming the accuracy of the reconstructed images. The 2D slices and profiles of the image reconstructed from noisy data are displayed in Fig. 2 -(c), 3-(c) and 4-(b), respectively. The root-mean-square error is 3.01 × 10 −2 . The results suggest that the proposed reconstruction formula is numerically stable. This is expected because all the operations involved are stable. 
SUMMARY

